Crop productivity is limited by phosphorus (P) and this will probably increase in the future. Rootstocks offer a means to increase the sustainability and nutrient efficiency of agriculture. It is known that rootstocks alter petiole P concentrations in grapevine. The objective of this work was to determine which functional processes are involved in genotype-specific differences in scion P content by quantifying P uptake, P remobilization from the reserves in the cutting and P allocation within the plant in three grapevine genotypes. Cuttings of two American rootstocks and one European scion variety were grown in sand and irrigated with a nutrient solution containing either high P (0.6 mM) or low P (0 mM). The high P solution was labelled with 32 P throughout the experiment.
Introduction
Phosphorus (P) is considered as a major limiting factor of crop production. Phosphorus deficiency is currently mitigated by application of P fertilizers. However, P fertilizers are mainly produced from non-renewable phosphate rock, and concerns have been expressed that this natural resource will be exhausted in the near future (Ulrich and Frossard 2014, Cordell and White 2015) . Another concern is that the application of P fertilizer has caused severe environmental problems such as eutrophication (Bennett et al. 2001 ). Thus, strong economic and environmental reasons exist to improve efficiency of P use in agriculture (Wissuwa et al. 2016, Lu and Tian 2017) .
Alternative plant-based strategies to mitigate P deficiency require the identification of plant traits that enhance the uptake and utilization efficiency of P. Plant species and genotypes differ in the efficiency with which they acquire and utilize P (Narang et al. 2000) . Breeding cultivars that efficiently acquire P from soil with low available P has been the focus of research efforts to reduce P fertilizer use (Richardson et al. 2009) . A number of quantitative trait loci (QTL) for enhanced P acquisition by roots have been identified across a range of crops (Su et al. 2009 , Gong et al. 2016 , Yuan et al. 2017 ), but their application in breeding programmes has been limited (Wissuwa et al. 2008) .
Many crops are cultivated grafted on to rootstocks, which are chosen on the basis their ability to provide biotic and/or abiotic stress tolerance, or because they confer dwarfing or reduced vigour to the scion (Warschefsky et al. 2016) . Selection of scion genotypes is generally restricted as a certain fruit quality or typicity is required by the consumer; however, rootstocks can be selected from a more diverse genetic background. As a consequence, rootstock selection offers opportunities to increase the sustainability of agriculture and the nutrient efficiency of crops (Gregory et al. 2013) . It is well known that in many grafted cultivated species, the vegetative growth of the scion and the mineral nutrition are altered by the rootstock genotype (Nawaz et al. 2016 ), yet we know little of the mechanisms underlying these differences. Rootstock-specific differences in scion P concentrations have been observed in apples (Zarrouk et al. 2005 , Amiri et al. 2014 , grapevine (Grant and Matthews 1996 , Bavaresco et al. 2003 , Ibacache and Sierra 2009 and Prunus spp. (Hrotkó et al. 2014 ). In general, these studies have been field trials or experiments using soil-filled pots and not conducted under very limited P conditions; it is possible that under low P soils differences between rootstocks will be reduced.
Rootstock-specific differences in tissue P concentrations could be explained by a number of processes (as reviewed by Wang et al. (2010) ), such as their capacity to provide P to the shoot, defined by P acquisition efficiency (PAE). Furthermore, in perennial woody plants, new growth can also be supported by the remobilization of P reserves from trunk and roots (Schreiner and Scagel 2006) , so the ability to store and remobilize P also has the potential to alter P contents. In addition to differences in the amount of P present in a plant, plants can also differ how P resources are allocated within the plant and in their PUE, the ratio of the biomass relative to the P absorbed by plants; i.e., more P investment in growth can lead to a higher PUE, while greater P storage in plant cells can lead to a lower PUE (for example in poplar (Gan et al. 2015) ).
In this study we hypothesized that rootstock-specific differences in scion P concentrations are due to differences in P uptake, P remobilization from the cutting and/or P allocation within the plant. The objective of this work was to determine which processes are involved by supplying labelled exogenous P ( 32 P) and quantifying the uptake and allocation of the newly acquired 32 P along with the remobilization and allocation of P from reserves in three grapevine genotypes. The two grapevine rootstock genotypes were chosen according to their ability to confer differences in petiole P concentration to the scion when grown in the calcareous soil of South West France (Cordeau 1998) . When grafted with Vitis vinifera cv. Merlot, the Vitis rupestris × Vitis berlandieri hybrid cv. 1103 Paulsen (1103P) confers high petiole P content (0.47% P) and Vitis riparia cv. Riparia Gloire de Montpellier (RGM) confers low petiole P content (0.09% P) (Cordeau 1998 ).
Materials and methods

Plant material
Overwintering canes of two American rootstock genotypes, 1103P and RGM, and one typical European scion genotype, V. vinifera cv. Pinot noir (PN), were collected from Bordeaux, France and stored at 4°C.
Growing conditions
The A known quantity of 32 P (radioactivity at t0 = 84 MBq) was added to 20 l of HP solution for labelling. The initial specific activity at time 0 was 7 kBq (μmol P) −1 .
Plants were grown under natural light with the addition of four sodium lamps (400 W each) functioning for 16 h per day (daily maximum photosynthetically active radiation typically between 450 and 610 μmol cm −2 s −1 ). The temperature was maintained by controlling the opening the roof of the greenhouse; the average maximum daily temperature during the experiment was 34°C. Given that the differences in temperature during the experiment were minimal, time is expressed in days rather than degree days.
Plant measurements and chemical analysis
After 0, 7, 14 and 21 days of treatment, shoots (leaves and stems), trunks and roots of five plants per genotype per P treatment were harvested, rinsed, weighed (fresh weight, FW), dried (in an oven at 60°C until they reached a constant mass) and weighed again (dry weight, DW). To reduce the time spent
Tree Physiology Online at http://www.treephys.oxfordjournals.org handling 32 P labelled plant material and to have sufficient material for analysis, the leaf and stems were not separated at harvest. Dried samples were reduced to ashes at 550°C for 5 h. The resulting ashes were dissolved in 3 ml nitric acid and placed on a hotplate to evaporate, then washed with 5 ml of distilled water until only a few drops were left. Mineralized solutions were filtered and diluted to a final volume of 50 ml with distilled water. Phosphorus content was measured colorimetrically using malachite green method (Van Verdhoven and Mannaerts 1987) . Exogenous P uptake (P exo ) was quantified by labelling the P in the nutrient solution with 32 P radioisotope. Assuming that no 32 P/ 31 P fractionation occurred during P exo by roots and P transport within plant, the amount of P in each plant compartment taken from external nutrient solution was calculated as follows:
where R t /P ns is the specific radioactivity t measured at harvest time t in nutrient solution, r t is 32 P radioactivity measured in the mineralized plant compartment at harvest time t. R t and P ns are the amount of carrier-free 32 P and 31 P measured in nutrient solution. The R t and r t values were counted using a scintillation cocktail (Insta-gel Plus Packard, Perkin-Elmer, Waltham, Massachusetts, USA) by a Packard TR 2100 (Canberra Industries, Meriden, CT, USA). The maximum counting time was 60 min.
The total P exo is the sum of exogenous P measured in shoot, root and trunk. The initial P stock in cuttings (P stock,0 ) was calculated as the difference between the measured whole plant P content at time t and accumulated P exo measured by 32 P labelling.
The amount of P from internal remobilization (P remob , μg P) in each organ was calculated as the difference between the measured total P and P exo in shoot, root and trunk respectively at time t:
The rate of P remobilization from cutting (trunk) to the shoot and root was calculated as the sum of amount of P remobilized to the shoot and root divided by the initial P stock in cuttings (P stock,0 ).
Definitions and calculations
Relative growth rate (RGR) was estimated from the slope of linear regression between log-transformed biomass of new organs (DW shoot + DW root ) and the duration of growth in days (n = 20). Phosphorus utilization efficiency (mg DW (μg P)
) was obtained from the slope of linear regression between P total (μg) in new organs and biomass of new organs (DW shoot + DW root ) (Rose et al. 2011, Rose and Wissuwa 2012) .
Phosphorus acquisition efficiency (μg P in the shoot g root (FW)
) was obtained from the slope of linear regression between P uptake (μg) of the shoot and biomass FW (g) of root (as calculated by Zambrosi et al. (2012) ).
Statistical analysis
Genotype and P supply effects on biomass, P concentration, P content, P uptake, rate of P remobilized and P allocation were determined using a two-way analysis of variance (ANOVA P < 0.05, with Holm-Sidak test), using Sigma Plot (Version 10, Systat Software, San Jose, California, USA). Slope and standard Figure 1 . Changes over time in shoot and root biomass of three grapevine genotypes (1103P, PN and RGM) under different P supplies, high P (HP, black circles connected by solid lines) or low P (LP, grey triangles connected by dashed lines). Means and standard errors shown (n = 5). Data were log-transformed for two-way ANOVA analyses (with genotype and P supply as factors). For the root data that had a significant interaction, different letters indicate significant differences at P < 0.05 for a given time point. For the shoot data that had no significant interaction, letters indicate genotype effects and stars significant treatment effects at P < 0.05 for a given time point.
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Results
Grapevine genotypes display different degrees of growth inhibition in response to low P supply Phosphorus supply did not significantly affect shoot or root growth for the first 14 days after treatments began for all three genotypes studied (Figure 1 ). However, a decrease of biomass of new organs (shoot and root) in response to LP was observed after 21 days of treatment, biomass was 50% reduced for the shoot and root of RGM and 1103P, whereas the growth of PN was slightly less affected (however the interaction of the ANOVA was not significant) ( Figure 1) . Accordingly, the RGR (Figure 2 ) was significantly lower in LP treatment for RGM and 1103P. Interestingly, under HP, the RGR of the three genotypes was similar despite the fact that the shoot biomass of RGM was generally lower than the other two genotypes; this is because the shoot biomass of RGM was lower at the beginning of the experiment. The genotype-specific differences between the shoot biomass at the beginning of the experiment were not due to the size of the cutting as no significant differences in trunk biomass were observed (Table 1) . Shoot/root ratio was not affected by P treatment (data not shown).
P supply and grapevine genotype affected shoot, but not root P concentrations Root P concentration was not affected by either P supply or grapevine genotype after 21 days of treatment (Figure 3) . However, shoot P concentration after 21 days of treatment was different between the genotypes and was affected by P supply; in addition there was a significant genotype × treatment interaction (Table 1) . Under HP, P concentration in the shoot is two times higher in 1103P and PN than RGM; this concentration was decreased significantly under P starvation for 1103P and PN, but not for RGM (Table 1 ). In addition, total P content in shoot of RGM was~3.6 and 2.3 times less than that of 1103P and PN, respectively (Table 1) , while shoot DW was not significant different between the genotypes. These results suggest a difference in PUE between genotypes. In HP, PUE of RGM was higher than 1103P and PN (Figure 4) , i.e., RGM produced more biomass for the same quantity of P in the new tissues. However, in response to LP, the PUE of 1103P and PN increased, whereas it remained unchanged for RGM.
Genotype-specific differences in total P contents were related to differences in P uptake, but the proportion of P derived from uptake and remobilization remained constant
Use of 32 P labelling permits the identification and the quantification of the origin of P within a tissue, i.e., from exogenous 32 P uptake or from the remobilization of P reserves from the cutting. After 21 days of treatment, effects of genotype and P supply were observed on the total P content in shoots and roots ( Figure 5 ). As expected the total P content was drastically lower in LP treatment compared with HP treatment. Under LP, no significant difference was observed for total shoot and root P between genotypes; this P was entirely derived from remobilization of P from the cutting. Whereas under HP, total plant P was highest for 1103P, intermediate for PN and lowest for RGM, and these differences were mainly explained by the differences in P exo . Interestingly, under HP, proportion of P from uptake and remobilization remained constant (3:1) across all genotypes.
Grapevine genotypes differed in their PAE
After 7 days of treatment, P uptake had begun for all genotypes (no significant differences, Figure 6 ). Phosphorus uptake increased over time, especially for 1103P and PN. After 14 days of treatment, differences between genotypes were observed, with 1103P and PN showing more P uptake than RGM, and these differences were increased at 21 days of treatment. Phosphorus acquisition efficiency was highest for 1103P intermediate for PN and lowest for RGM (Figure 7 ).
Only one genotype differed in the rate of P remobilized from the cutting in response to P supply Rate of remobilization was calculated as the proportion of loss of P from the cutting during the experiment for each plant. After 21 Figure 2 . Relative growth rate (RGR) of three grapevine genotypes (1103P, PN and RGM) grown under different P supplies, high P (HP, black bars) or low P (LP, grey bars). The RGR was calculated as the slope of linear regression between ln(shoot + root dry biomass) and the duration of treatment. Different letters indicate significant differences at P <
(t-test).
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Phosphorus allocation within the plant was not affected by genotype or P supply
After 21 days of treatment, allocation of newly acquired exogenous P was studied under HP; no difference between genotypes was observed, with~75% of exogenous P allocated to the shoot and 12% to the roots ( Figure 9A ). Allocation of P from cutting remobilization was also studied, P remobilized was preferentially allocated to shoot (80-90%), without significant effect of P supply or genotype ( Figure 9B ). However, an increase of P allocation to the root was observed in LP for RGM.
Discussion
Genotype-specific reduction of growth and P content in response to LP supply
The growth reduction reported in this work is a typical response to nutrient starvation in plants (Vance et al. 2003 , Hermans et al. 2006 , Lambers et al. 2006 . The difference in shoot P concentration between 1103P and RGM is in agreement with what is known about how these genotypes alter scion petiole P contents in the vineyard, with 1103P, and other V. berlandieri hybrids, increasing petiole P concentrations (Cordeau 1998 ). However, root P contents were low and not significantly modified by P supply, which is unusual as for many species root and shoot P concentrations change concomitantly in response to P supply (e.g., Lupinus spp. (Abdolzadeh et al. 2010 ); Populus spp. (Gan et al. 2015) ). In this study, the root systems were very young with the oldest root being 3 weeks old, which could explain low root P concentrations.
Shoot P concentrations are related to differences in PAE As described in the Introduction, it is well known that rootstocks can alter petiole or leaf P contents, but little is known about how rootstocks alter tissue P concentrations. A number of mutants have been identified in model annual species that show altered shoot P concentrations, suggesting that many processes are involved including Pi uptake, translocation and remobilization as well as potential regulators like transcriptional factors or signalling molecules (Lin et al. 2009 ). Here we show that the differences in the concentration of P in the shoot of the three grapevine genotypes are positively related to their PAE. In this study, PAE was assessed in conditions of high and homogeneous orthophosphate concentration with a restricted root volume, i.e., in conditions largely independent of rhizosphere interactions and root architecture. This suggests that grapevine genotypes have different inorganic P (Pi) transport uptake efficiencies. This has been shown for both the high-and low-affinity Table 1 . Biomass (DW) and total P content (μg) of different plant parts (shoot, trunk, root and whole plant) of three grapevine genotypes (1103P, PN and RGM) after 21 days of growth under high P (HP) or low P supply (LP). Means and standard errors shown (n = 5). Different letters indicate significant differences at P < 0.05, tested using a two-way ANOVA with genotype and P supply as factors. For the shoot DW data (which had no significant interaction) letters indicate genotype effects and asterisks significant treatment effects at P nitrate uptake systems of excised roots of different grapevines genotypes (in which both the scion and rootstock genotype can alter nitrate uptake (Tomasi et al. 2011) ). However, genotypespecific differences in uptake efficiencies are not necessarily independent of root system architecture because it has been shown that nitrate uptake rapidly declines in roots of over 7 days old (Volder et al. 2005) . If this is also the case for Pi transport, the proportion of young vs old roots could also impact whole plant PAE. In addition, as the development of root hairs is important to PAE (Bates and Lynch 2000, Gahoonia and Nielsen 2003) , it is possible that the genotype-specific differences are due to differences in root hair development and differences in root surface area per unit of root biomass. Differences in PAE, and hence shoot P content, may also be due to a shoot-derived signals, particularly in grafted plants; to date the only identified shoot-derived signal of P homoeostasis is microRNA 399, which moves from the shoot to the root under low P conditions to increase P uptake and translocation to the shoot (as reviewed by Ko and Helariutta (2017) ). MicroRNA 399 has been identified in grapevine, but its predicted target gene is different from that of Arabidopsis (Wang et al. 2011 ) and its function is unknown.
Phosphorus utilization efficiency
Numerous mechanisms have been implicated in control of PUE in plants (Veneklaas et al. 2012 ) and many studies have also investigated genotype-specific variation for PUE in crop species (Rose and Wissuwa 2012) . In grapevine, the PUE of the rootstocks Freedom (a complex hybrid) and St George (V. rupestris) was quantified under two nutrient regimes; PUE was increased in response to LP, but not affected by the rootstock genotype (Grant and Matthews 1996) . In the current work, PUE increased in response to LP in two genotypes (1103P and PN), but remained constant for RGM, being high under HP and low under Figure 3 . Total P concentration in shoot and root of three grapevine genotypes (1103P, PN and RGM) after 21 days of growth under high P (HP, black bars) or low P supply (LP, grey bars). Means and standard errors shown (n = 5). Different letters indicate significant differences at P < 0.05, ns = not significant, tested using a two-way ANOVA with genotype and P supply as factors. Figure 4 . Phosphorus utilization efficiency (PUE) of three grapevine genotypes (1103P, PN and RGM) during the first 21 days of growth under high P (HP, black bars) or low P supply (LP, grey bars). The PUE is the slope of linear regression between shoot + root biomass and the P content. Different letters indicate significant differences at P < 0.05 (t-test).
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Under HP, RGM is inefficient at acquiring P from the growing medium (low PAE) so may suffer a greater degree of P deficiency stress and subsequently produce more biomass per unit of P acquired. As such, it is difficult to conclude that differences in PUE under HP in this work are real. However, under LP when all shoot and root P originates only from internal remobilization and is independent of PAE, PUE was higher in 1103P and PN than RGM. This demonstrates that Figure 5 . Total P content and its origins in the shoot and root of three grapevine genotypes (1103P, PN and RGM) after 21 days of growth under high P (HP, black bars, P remobilized from the cutting, white bars, P from exogenous uptake) and low P supply (LP, grey bars, only P remobilized from the cutting). Means and standard errors shown (n = 5). Insert, results from one-or two-way ANOVA analysis (with either genotype or P supply as factors), different letters indicate significant differences at P < 0.05. Figure 6 . Total P uptake over time of three grapevine genotypes grown under high P supply, the genotypes are 1103P (black bars), PN (grey bars) and RGM (white bars). Means and standard errors shown (n = 5). Different letters indicate significant differences at P < 0.05 (two-way ANOVA with genotype and time as factors). Figure 7 . Phosphorus acquisition efficiency (PAE) during the first 21 days of growth under high P supply of three grapevine genotypes: 1103P (black bars), PN (grey bars) and RGM (white bars). The PAE is the slope of linear regression between exogenous P in the shoot and root fresh biomass. Different letters indicate significant differences at P < 0.05 (t-test).
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Only one genotype differed in the rate of P remobilized from the cutting in response to P supply Seasonal nutrient cycling is a requisite component of the perennial lifestyle, stored nutrient reserves are mobilized in the trunk and roots of support bud break and plant growth during the spring. In grapevine, the degree of P remobilization of reserves may vary considerably from year to year depending on the climatic conditions and the availability of P in the soil. In two successive years of growth of PN in a vineyard, remobilized P accounted for 20% of the P present in the shoot one year and 50% the following year when the climate was warmer and drier and P was less available for growth (Schreiner and Scagel 2006) . In this study on the growth of cuttings of grapevine, 60% of the stored P was remobilized to support new growth in the LP conditions after 21 days. However, under HP conditions, RGM remobilized a smaller proportion of the reserves available in the cutting than the two other genotypes and less than under LP conditions, whereas the P remobilization rate did not change for PN or 1103P. Similarly, in grafted trees of Citrus spp. generally the fraction of P remobilized was higher under P sufficient conditions than under P deficiency, but it was genotype dependent (Zambrosi et al. 2012 ).
The proportion of P in new tissues originating from uptake and remobilization is the same across the three genotypes Under HP conditions, the proportion of P from uptake and remobilization of reserves remains constant across the three genotypes studied despite the fact that the amount of P taken up varied over threefold and the quantity of P in the cuttings was not different between the three genotypes. This could suggest that there is a demand signal for remobilization of P reserves in the simplified system of studying 3 weeks of growth from cuttings (i.e., without root P reserves).
Phosphorus allocation within the plant is not affected by genotype or P supply There were no differences among the three genotypes in the allocation of exogenous P and P remobilized from reserves within the plant during the experiment with~80% of the P in the Figure 8 . Rate of P remobilized from cutting of three grapevine genotypes (1103P, PN and RGM) after 21 days of growth under high (HP, black bars) and low P supply (LP, grey bars). Means and standard errors shown (n = 5). Different letters indicate significant differences at P < 0.05 (two-way ANOVA with genotype and P supply as factors). Figure 9 . Allocation of exogenous P from uptake (A) and P from cutting remobilization (B) of three grapevine genotypes (1103P, PN and RGM) after 21 days of growth under high (HP) or low P (LP) supply, in shoot (light grey), trunk (black) and root (dark grey). No significant differences were observed.
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Conclusion
Grapevine rootstocks like RGM and 1103P are known to alter scion mineral P concentrations, but the mechanisms underlying these differences were unknown. For the first time we show that a genotype known to confer high petiole P content in the vineyard, 1103P, when grown as un-grafted cuttings had a higher PAE and rate of P remobilization under HP than RGM, a genotype known to confer low petiole P content. This suggests that when P is available, 1103P will take up as much P as possible and that this uptake is not subject to the same degree of feedback control as RGM. Furthermore, under LP, 1103P also has a higher PUE than RGM so it has a greater potential to accumulate biomass under limited P supply.
The molecular mechanisms explaining genotype-specific differences in PAE, P remobilization and PUE in woody perennial plants are currently unknown. In model annual species such as Arabidopsis and rice, numerous mutants have been characterized and QTLs detected that control PAE and PUE (Gong et al. 2016 , Yuan et al. 2017 , and it is probable that similar molecular players are also involved in grapevine. However, we have no knowledge of the regulation of P remobilization from woody tissues in perennials, although it merits further attention.
